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Abstract 
"This paper presents the magnetic flux distributions in Fe-based superconducting materials including 
single crystal of Ba(Fe1.9Ni0.1)As2 and Ba(Fe1.8Co0.2)As2, as well as polycrystalline SmFeO0.75F0.2As by 
means of magneto-optical imaging (MOI) technique. The single crystals were grown out of FeAs flux 
while polycrystalline sample was grown by hot-press. A MOI film with in-plan magnetization was used to 
visualize flux distributions at the sample surface. A series of magneto-optical images was taken when the 
samples were zero-field cooled and field cooled. The flux behavior, including penetration into and 
expelling from the samples, as well as pinning properties were studied. When external fields increase, flux 
is completely shielded from the crystals, then, gradually penetrates toward the crystal center from the 
edge. For polycrystalline sample, Meissner state was observed at very low field. With increasing the field 
further, flux penetrates into the sample easily along grain boundary, then into grain. Compared with high-
Tc cuprates, it is found that the flux distributions in Fe-based superconducting materials are very similar 
to that in high-Tc cuprates with strong pinning strength. 
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This paper presents the magnetic flux distributions in Fe-based superconducting materials including
single crystal of Ba(Fe1.9Ni0.1)As2 and Ba(Fe1.8Co0.2)As2, as well as polycrystalline SmFeO0.75F0.2As
by means of magneto-optical imaging (MOI) technique. The single crystals were grown out of FeAs
flux while polycrystalline sample was grown by hot-press. A MOI film with in-plan magnetization
was used to visualize flux distributions at the sample surface. A series of magneto-optical images was
taken when the samples were zero-field cooled and field cooled. The flux behavior, including
penetration into and expelling from the samples, as well as pinning properties were studied. When
external fields increase, flux is completely shielded from the crystals, then, gradually penetrates
toward the crystal center from the edge. For polycrystalline sample, Meissner state was observed at
very low field. With increasing the field further, flux penetrates into the sample easily along grain
boundary, then into grain. Compared with high-Tc cuprates, it is found that the flux distributions in
Fe-based superconducting materials are very similar to that in high-Tc cuprates with strong pinning
strength.VC 2012 American Institute of Physics. [doi:10.1063/1.3679353]
I. INTRODUCTION
New-discovered superconducting materials in oxypnic-
tide phase, LaFeAs(O1-xFx)
1,2 show promising applications
due to their extremely high upper critical field.3,4 Supercon-
ductivity has been found in a wide variety of compounds, for
example, the oxypnictide of LaFeAsO1-xFx, their oxygen-free
parent compounds of BaFe2As2,
5 LiFeAs,6 and FeTexSe1-x.
7–9
Visualization of flux properties in different compounds will
provide fundamental understanding of the superconducting
mechanisms and pave the way for applications.
Superconducting Quantum Interference Devices
(SQUID) and Vibrating Sample Magnetometers (VSM) nor-
mally study collective information of magnetic properties in
whole volume of the sample. Magneto-optical imaging
(MOI) technique can visualize local and real-time magnetic
flux distribution in the sample with spatial resolution of 3
lm using in-plane magnetization indicator film.10–12 This pa-
per presents flux distributions at different Fe-based supercon-
ducting samples using MOI technique when samples were
zero field cooled (ZFC) or field cooled (FC). Three samples
were studied, for example, single crystalline Ba(Fe1.8-
Co0.2)As2 and Ba(Fe1.9Ni0.1)As2, as well as polycrystalline
SmFe(O0.75F0.2)As.
II. EXPERIMENTAL DETAIL
The Ba(Fe1.8Co0.2)As2 and Ba(Fe1.9Ni0.1)As2 single crys-
tals were grown out of Fe-As flux using standard high-
temperature solution growth technique.13 The polycrystalline
SmFeO0.75F0.2As was grown by hot press at 1300
C and 4.0
GPa.14
A series of magneto-optical images was taken at differ-
ent magnetic fields or temperatures using home-made MOI
system,15 so that the flux penetration can be visualized. An
indicator film16 with in-plan magnetization was carefully
placed on polished sample surface with minor pressure to
improve image quality.
III. RESULTS AND DISCUSSION
A. Ba(Fe1.8Co0.2)As2 single crystal
Resistivity and magnetization measurements show
Tc¼ 25 K. The crystal was ZFC to 4.2 K, then, external mag-
netic field was applied. Figure 1 shows magneto-optical
images in the indicator film at different fields. Figure 2
shows the flux profiles along the red line indicated in
Fig. 1(b). The scratch in the indicator film causes unexpected
drop at left side profile. It can be seen that magnetic flux was
completely shielded from the crystal at 40 Oe, that is, the
crystal was in Meissner state. With increasing the fields flux
started penetration into the crystal from the edges, but the
a)Author to whom correspondence should be addressed. Electronic mail:
jacklin@eng.uts.edu.au.
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flux-free region still existed in the center of the crystal. The
flux front moved gradually toward the center of the sample
when field was increasing. Such front motion is clearly
shown in the profiles. However, full penetration was not
observed since the field generated by the electromagnet was
limited to 800 Oe, obviously less than full penetration field.
The critical current, Jc, can be estimated from the position of
the flux front17 at Ha¼ 800 Oe, Jc ¼ Hap=f½cosh1ða=bÞ
where a¼ 0.7 mm is half width of the crystal, b¼ 0.4 mm
the position of flux front, d¼ 0.1 mm the thickness of the
crystal. Jc¼ 1.7 109 A/m2 is obtained. As field decreased,
the flux only close to the edges escaped from the crystal
while the flux far to the edge was pinned in the crystal. The
observed flux behavior in the crystal are similar to that in
high-Tc cuprates
18 and are consistent with Bean model19 and
theoretical calculations.17,18 However, the theoretical peaks
at the edges were not clearly observed in this work since the
edges of the crystal were not well defined and a spatial gap
existed inevitably between the indicator film and the crystal
surface.20
Figure 1(d) shows image taken when the crystal was FC
to 4.2 K in the application of external field of 800 Oe, then the
field reduced to zero. It clearly shows that the flux is pinned in
the crystal when external field reduces to zero. Figure 3 shows
flux profiles at the different decreasing fields. With decreasing
field, the introduced flux continuously left the crystal, forming
a density gradient in the crystal. The flux even changed polar-
ity when the field approached to zero. This phenomenon is
quite similar with the high-Tc copper oxides.
18 Following by
increasing temperature, the pinning was becoming weak. At
25 K the crystal lost superconductivity.
B. Ba(Fe1.9Ni0.1)As2 single crystal
Resistivity measurement shows that Tc of the crystal is
18.8 K. Figure 4 presents magneto-optical images taken by
another MOI system when the crystal was zero-field cooled
to 10 K, followed by increasing external fields parallel to the
FIG. 1. (Color online) Magneto-optical images when fields increased to (a)
40 Oe, (b) 800 Oe, (c) then decreased to zero. The crystal was cooled to
4.2 K in the application of 800 Oe, (d) then field reduced to zero. The red
square illustrates sample edge and Fig. 1(a) is contrast-enhanced.
FIG. 2. (Color online) Flux profile along the red line shown in Fig. 1(b)
when applied field increased to 40 Oe, 200 Oe, 400 Oe and 800 Oe, follow-
ing by decreasing to 400 Oe, 200 Oe and zero.
FIG. 3. (Color online) Flux profile for the sample FC to 4.2 K in 800 Oe
followed by reducing field to zero.
FIG. 4. (Color online) Magneto-optical images taken at 10 K with field
increasing to (a) 83 Oe, (b) 354 Oe, and (c) remanent state after field up to
1700 Oe. (d) Color coded flux-free region for applied field of 109 Oe, 135
Oe, 265 Oe, 299 Oe, 354 Oe, 430 Oe, 502 Oe, and 531 Oe. The black line is
outline of the crystal.
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c-direction. The contrast of Fig. 4(a) only was enhanced using
imaging edit software. The tooth pattern domain resulted from
the field parallel to the indicator film. Some defects in the in-
dicator film can be clearly seen. Below 50 Oe the flux was
completely shielded from the crystal, and crystal was in the
Meissner state. Flux started penetration into the crystal from
points along the edge over 60 Oe, as shown in Fig. 4(a) taken
at 83 Oe. With increasing magnetic field, flux penetrated into
the crystal further. In addition, penetration also occurred along
the crystal edges, as shown in Figs. 4(b). At 531 Oe, the sa-
lient flux front reached the central region of the crystal, but
still there was a small flux-free region. At about 584 Oe, flux
entered the whole crystal and flux-free region disappeared.
Figure 4(c) is the remanent state after the field increased to
1700 Oe. It clearly shows that the penetrated flux is pinned in
the central region of the crystal and flux around the crystal
edges escapes from the crystal.
In order to clearly present progress of the flux front
moving toward the crystal center, Fig. 4(d) shows color-
coded flux-free regions at different fields. Flux penetration
first occurs at the defect points along the edges. With
increasing field, flux penetration also occurs along the edge,
forming irregular shape of flux fronts. As a result, flux pene-
trated further and flux-free region continuously shrinks. It
can also be seen that flux penetrates into the crystal from the
defect points, that is lower pinning points, along the edges,
but these points are not the starting points of the channels
along which the flux can easily enter the crystal, like twin
structure in YBa2Cu3O7-d crystal.
21 These lower pinning
points might be caused by crystal structure defects which are
randomly distributed in the crystal. As a result of lower pin-
ning points, the shapes of the flux front are irregular.
C. Polycrystalline SmFe(O0.75F0.2)As
Tc of the polycrystalline sample is 45.7 K. Microscope
inspection does not reveal any cracks in the sample. Figure 5
shows the magneto-optical images at ZFC condition. Meiss-
ner state was clearly observed at 4.2 K, indicating that the
global shielding current flows over the whole sample. As
external field increased, flux started to penetrate into the
sample initially along intergranular path, but flux was still
expelled from individual grains, which are shown as black
areas in Fig. 5(a). It is the evidence that the pinning strength
in the grain is much stronger than that at the intergranular
path. This observation is consistent with magnetization loops
where the magnetization peak drops at relatively low field of
8 Oe. The easy flux penetration along the intergranular path
was also demonstrated in Fig. 5(b) which was taken after
external magnetic field increased to 800 Oe and decreased to
zero. It can be noted that the bright areas in Fig. 5(b) are cor-
responding to the black areas in Fig. 5(a). This indicates that
the flux is pinned in the grains while the flux at the intergra-
nular path leaves the sample along the path and the local
shielding current around grain is denser than global shielding
current due to the inter-grain weak-link.21,22 Such feature
was also observed in cuprate polycrystalline sample.23
IV. CONCLUSION
The flux behavior, including penetration, escape and
pinning feature, in Fe-based superconducting single crystal-
line Ba(Fe1.8Co0.2)As2 and Ba(Fe1.9Ni0.1)As2 and polycrys-
talline SmFe(O0.75F0.2)As were visualized by means of
magneto-optical imaging technique at zero-field cool and
field cool conditions. In general, the flux behaviors in Fe-
based superconducting single crystalline are very similar to
that in high-Tc cuprates single crystalline and their behaviors
can be understood using Bean model. However, the Bean
penetration behavior was not observed in polycrystalline
sample due to intergranular weak-line between the grains.
Flux behavior in Fe-based polycrystalline sample is also sim-
ilar to that in polycrystalline cuprates.
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FIG. 5. (Color online) (a) Imaging taken at 160 Oe showing flux penetration
easily along intergranular path. (b) Remanent state after field increased to
800 Oe and decreased to zero.
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